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Periodicities in the properties associated with the friction
of model self-assembled monolayers

Paul T. Mikulski and Judith A. Harrisgh
Department of Chemistry, United States Naval Academy, Annapolis, MD 21402, USA

The classical molecular dynamics simulations presented here examine the periodicities associated with the sliding of a diamond coun-
terface across a monolayer of hydrocarbon chains that are covalently bound to a diamond substrate. Periodicities observed in a number
of system quantities are a result of the tight packing of the monolayer and the commensurate structure of the diamond counterface. The
packing and commensurability of the system force synchronized motion of the chains during sliding contact. This implies that the size of
the simulations for this special case can be reduced so that the simulations can be conducted with sliding speeds and time durations that
may bridge the gap between theory and experiment.
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1. Introduction 2. Experimental

Elucidating the role of monolayer thick lubricants is crit- The simulation system consists of 36.alkane chains
ical to the development of modern nanoscale technologi€dyalently bound to the (111) face of a diamond substrate
such as magnetic storage devices [1-3] and microelectid-a (2 x 2) arrangement. The alkane chains are 13 car-
mechanical systems [4,5]. Adhesion of the molecules to theén atoms long and the dihedral angles within the carbon
substrate and good wear resistance are of paramount imgtckbone are initially in thenti configuration (18€). This
tance if a material is to be a viable boundary-layer lubrrrangement of chains was selected because it yields ap-
cant in these applications. Thus, molecules that are cowioximately the same packing density and cant as mono-
lently bonded to the substrate, such as those formed frédayers of alkanethiols on Au(111) [9,31]. The diamond
self-assembly, are better candidates for boundary-layer fibstrate, to which the chains are attached, is composed
bricants than Langmuir-Blodgett (LB) films. Therefore, thef seven layers of carbon atoms that contain 144 carbon
molecular structure, mechanical properties, and tribologtoms each. The computational cell in the plane that con-
cal properties of self-assembled monolayer (SAM) materid@ins the alkane chains is approximately 30.5 by 26.4 A
have been studied a great deal using scanning probe mid@- 22.4 A/monomer). The counterface (or tip) is a
scopies [6-15]. hydrogen-terminated (111) face of a diamond lattice com-

A number of groups have examined the friction and we&0°sed of eight layers that contain 144 atoms each (fig-
properties of alkanethiols on Au and alkylsilane monolayeb$€ 1). _
on both silicon and mica using the atomic force microscope After the system energy and temperature reach their
(AFM) [6,7,9,11-14]. Molecular dynamics (MD) Simu|a_.steady-state values, S|mulat|9ns are performed. by hpld-
tions, using the united-atom method, have been used to £@ the bottom layer of the diamond substrate rigid (fig-
amine the structure [16-19] and compressiom-@flkane- Uré 1(2)). Moving upward from the bottom, the next two
thiols on Au [20,21], as well as the friction of organic monol@yers of the diamond are maintained at a constant tem-
layers [22-26]. More recently, SAM materials have bedhgrature of 300 K using generalized Langevin dynamics
modeled using alkane monolayers [27—-29] and the frictidf Simulate coupling with an external heat bath [32]. The
and response to compression investigated using MD and€faining diamond layers and the hydrocarbon chains are
newly developed, reactive hydrocarbon potential [30].  [Te€ to move according to classical dynamics. The equa-

The work presented here uses MD simulations to exar_tﬁQns of motu_)n for all non-ngld at_oms are integrated us-
ine in detail the long-time behavior of a compressed alka the velocity Vef'eF ?'99””“’“ W't.h a constant step size
monolayer under shear. Aj&n-alkane monolayer is com—_0 0'25_ fs _[33]' An infinite |r_1Ferfa_ce Is simulated by_ a_pply-
pressed with a commensurate hydrogen-terminated diamdid per|od|g boundary conditions in the plane containing the
counterface. The effects of the commensurate counters"i'llllf"’me chains.

face and sliding on chain structure, chain motion, and energ‘g-rhe potential goyerning atomic motiqns Is th_e. recently
dissipation are examined. veloped adaptive intermolecular reactive empirical bond-

order (AIREBO) potential [30]. This potential introduces
* To whom correspondence should be addressed. non-bonded interactions to the REBO potential [34,35], via
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(a)
Figure 1. Snapshot of the simulation system after sliding for approximately 6.9 A with a normal load of approximately 68.6N6Pa). Carbon
atoms are represented in a wireframe format and hydrogen atoms as small spheres. In panel (a) the gositiien points out of the page and the

positive y direction is from left to right. The countersurface is moved in the positidaection to simulate sliding. The positivedirection completes the
right-handed coordinate system. In panel (b) the figure in panel (a) has been rotasmitBét the positive direction is from right to left.

a novel adaptive algorithm, while preserving the chemie equilibrate for 13 ps. (Moving the countersurface closer
cal reactivity of the original potential. Given the succes® the monolayer increases the applied load on the mono-
of the REBO potential in modeling a number of phenomayer.) During the slide, all atoms in the counterface are
ena [36—38], the majority of its covalent bonding paramdseld rigid and moved with a constant velocity of 50 m/s.
ters were preserved in the AIREBO potential. Thus, b&his simplifying constraint allows for a cleaner examination
cause chemical reactions are possible in these simulatioofsthe periodic structure associated with the chain motion.
events such as wear and tribochemistry within the alkan@ualitatively, the difference between this and the more re-
chain films are possible. laxed scenario, which holds only the upper-two layers of the
During the compression phase, the atoms in the diamooaunterface rigid, is small considering that the counterface
counterface are partitioned in much the same way as tisenuch harder than the top portion of the alkane monolayer.
atoms in the substrate. The top layer of atoms is held rigid, There is evidence that for loads larger than a critical load
an independent Langevin thermostat is applied to the n@ftapproximately 130 nN, the system exhibits qualitatively
two layers of atoms, and the remaining layers act under diferent behavior owing to the highly constrained volume
constraints whatsoever. Compression of the hydrocarbassociated with large loads. That is, it is very difficult to
monolayers is accomplished by moving all rigid atoms inhange the conformation of the system due to the compact
the upper countersurface at a constant velocity of 100 nmature of the chains. In the work described here, a configura-
toward the monolayer surface. tion with a normal load of approximately 64 nN-8.0 GPa),
Before the commencement of sliding, the downward mavell below the onset of the constrained volume regime, is
tion of the countersurface is halted and the system is allowselected for sliding. Figure 1 shows a snapshot of the en-
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(b)

Figure 1. (Continued.)

tire system during the sliding phase. The direction of sli®. Resultsand discussion
ing (positivey) is along the tilt of the chains, as shown in
figure 1(a). A view of the lateral direction is shown in fig- The following discussion will center around plots of vari-
ure 1(b). ous system properties as a function of sliding distance of the
The sliding speed of 50 m/s is many orders of magnitud@unterface. For the sake of clarity, the distance of sliding
greater than the & m/s speeds typically used in nanoinis expressed in units of the cell length in the sliding direc-
dentation experiments [8,12] and still several orders of magien. The unit-cell length in the sliding direction (approx-
nitude greater than the & m/s speeds commonly used inmately 8.8 A) is that of the chains which are packed in a
AFM tapping mode. Simulating a system with long-rang@ x 2) arrangement. Prior to compression, the entire sys-
intermolecular interactions for long sliding times requiretem is invariant under a translation of the x11) unit cell
a significant amount of computer time. These constraind$ the counterface. This symmetry is broken in the lateral
restrict the sliding speed to be in the range of 10-100 m#irection upon compression of the monolayer. This break-
Even at 50 m/s, there was adequate time for thermal eqging of symmetry modifies the motion of the chains during
libration of the simulation system. Simulations conductettie sliding phase such that the natural period of the system
at speeds of 100 m/s show qualitatively similar behavids over the (2x 2) unit cell of the chains. Hereafter, any ref-
for system properties such as force as a function of pegrence to a unit cell corresponds to theq2) geometry of
etration depth [27,29]. However, gauche defect form#he chains.
tion does depend upon the indentation and sliding speed.The following discussion is divided into two sections.
A slower speed during the compression phase may resultSection 3.1 focuses on the effects of the symmetry breaking
a higher degree of order in the chains relative to one aim-the lateral dimension (perpendicular to the sliding direc-
other. tion) and its effect on the shape of plots of the system prop-
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erties as a function of unit-cell distance. System propertias obvious random component associated with how chains
relating to the sliding and compressing directions exhibit athoose a particular handedness, analysis reveals that none of
approximate periodicity over a half-unit cell. Section 3.3 fothe chains change their orientation during sliding.

cuses on this approximate periodicity. The trends here areA possible explanation of this asymmetry is that the in-
those that are most important in understanding the propdentation speed of the counterface is too fast to allow all
ties of a system that will extend more generally to countechains to adopt the same handedness; some become pinned
surface probes whose geometry is not commensurate whigfore they can adjust to their neighbors. Given that there

the underlying substrate. are only 36 chains, this may imply that similarly prepared
systems could easily exhibit large differences in their rel-
3.1. The lateral dimension: breaking of symmetry ative numbers of gauche defects after compression owing

to the partially random manner in which the chains choose

Figure 1(b) shows a snapshot of the lateral dimension b&ndedness under compression. This suggests that compres-
the system during the sliding phase. There are two possion of the monolayer results in a fixing of the handedness
ble configurations that the chains can adopt: a right-handefdthe chains. It will be important to assess how this fixing
orientation in which a chain will circulate counterclockwis®f handedness is related to other system properties such as
starting from the bottom, and a left-handed orientation whetlege number of gauche defects, temperature, and indentation
a chain circulates clockwise. During equilibration and conspeed.
pression, chains adopt either a right-handed or left-handedThe breaking of symmetry during the compression of the
configuration (figure 2). It appears that the handednessrnopnolayer is also evident in the top panel of figure 3, which
the chains are correlated because most of the chains in shews the azimuthal anglg as a function of sliding dis-
center region share the same configuration. However, f@nce. This angle is taken to be the angle between the slid-

all the chains share the same handedness. While theréng direction and the projection of the carbon backbone in
the plane that contains the monolayer. It is calculated by av-

eraging over all possible angles defined by alternating car-
bons along the backbones of the chains. This angle shows
the chains getting pushed from side to side as each wave
of the hydrogen atoms of the counterface pass by with the
frequency of a half-unit cell. Unlike the case of handed-
ness where both types are adopted, an animated sequence
of the carbon backbones of the chains, viewed from above
the chains, shows that the side to side motion of the chains
is completely correlated. All chains move to the same side
in a synchronized motion. The motion is not symmetric
about zero (though it does pass through zero); this shows
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Figure 3. Lateral direction: average forég on the countersurface in the
x direction, average: coordinate of the top carbon atoms in the alkane
chains, and azimuth anglg as a function of the sliding distance. (More
Figure 2. The chain on the left has a left-handed orientation (the carbedmplete definitions can be found in the text.) The sliding distance has
backbone circulates clockwise starting from the bottom), while the chajjzen divided by the unit cell length that corresponds to the 22 packing

on the right shows a right-handed orientation. of the chains.
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Figure 4. Sliding direction: average displacement of the carbon—carbbigure 5. Sliding direction: average system enekygnd average friction
bonds in the alkane chainsL and average andz coordinates of the top Fy and normalF;, forces on the countersurface as a function of the dimen-
carbon atoms in the alkane chains as a function of the dimensionless sliding sionless sliding quantity described in figure 3.
guantity described in figure 3.

of the monolayer. In either case, this implies it is best to con-
the chains are preferentially shifted to one side. Thus, it dct any quantitative analysis far from any abrupt transition
only after sliding through one unit cell that the chains returiegion.
to the starting geometry. This periodicity is also observed in
the average lateral trajectory of the top carbon atoms of t8. The diding and loading directions: approximate
monolayerx (figure 3) and in the lateral force exerted by the periodicities
counterfacer, (figure 3) as functions of the sliding distance.

As with the choice of handedness, prior to compression The approximate periodicity associated with the move-
there is no preferential side for the chains to be pushed.nient through a half-unit cell is easily seen by observing the
would be interesting to establish if the choice of handetajectory of the carbon atom at the end of a chain. Figure 4
ness and azimuthal bias are correlated. This would requéieows this trajectory, averaged over all chains, for the com-
the investigation of friction for a number monolayer startingression ¢) and the sliding {) directions. Each wave of
configurations that had random orientations. (This is accoimydrogen atoms from the counterface interacts with the top
plished via the use of different random number seeds in théthe chain, slightly compressing and stretching the chains.
MD simulation.) The effect of this asymmetry in azimuthalWhen the counterface hydrogen atoms pass over the top of
angle is that the chains adopt a slightly different geomettlge chains, the chains spring back to the uncompressed, un-
over the half-unit cell. In one extreme, the tops of the chaissretched state. The chains are then caught by the next wave
are laterally closer to the anchored bottom of the chains; @fi hydrogen atoms and the process is repeated.
the other extreme they are farther apart. Similarly, the tops The stretching out in the sliding direction is not confined
of the chains alternate over the half-unit cell between po$6 the ends of the chains: it extends throughout the entire
tions far from the counterface hydrogen atoms or close thain. This is apparent from examination of the average
them in the lateral direction. This leads to the different peathange in length along the chain backbond, (figure 4)
shapes in properties associated with the sliding and loadiveysus sliding distance. (This quantity follows the backbone
directions (figures 4 and 5). In other words, while there is along consecutive carbon atoms. Thus, it is twelve times the
approximate periodicity in these properties associated witlhverage bond length between carbons in the chains.) This is
a half-unit cell (each wave of counterface hydrogen atomsinly one representative quantity. Other quantities that can
this periodicity is modified by the close/far asymmetry in thaccommodate a stretching of the chain include the angle de-
lateral direction. fined by three successive carbons, the gauche angle, as well

One final comment with regard to the lateral dimensioms the analogous distances associated with these angles. The
it is interesting to note that all the lateral dimension plotstretching of the chains is also linked with a slight increase
of figure 3 exhibit a startup sliding effect. The final shapm the tilt angle.
of the period oscillation is achieved after two or three unit During the spring back phase, the friction fordg
cells. This is likely due to the fact that the slide starts witbhanges sign as the chains push the counterface hydrogen
the counterface at rest, it takes a few unit cells for the monatoms (figure 5). It is important to note that the fluctuations
layer to achieve a steady state. It may also be possible thathe friction force are significantly larger than the aver-
the initial sliding allows for some settling of the disordeage force. The implication being that while the motion of
caused by the randomness associated with the compressimncounterface on the whole is steadily depositing energy
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into the system (slope df in figure 5), at any given instant direction, offset of the counterface, and compression speed,

it can either be depositing or removing energy to this syand sliding speed on system properties. More limited simu-

tem depending on whether it is pushing the chains or beitagions can similarly be conducted on somewhat larger sys-

pushed by them. This is evident in figure 5, which shows thems to help quantify the effects of disorder within the mono-

total energy of the systeri. While this quantity is calcu- layer. It is possible that temperature and speed effects will

lated by summing the kinetic and potential energies plus the the most dramatic. The artificially ordered one-chain sys-

work done on the bath, it is equivalently the integral of theem may provide a useful baseline against which effects of

frictional force over the sliding distance. disorder can be assessed. While obviously limited in some
The periodicity associated with), is very regular. This respects, this baseline system is an interesting avenue to ex-

implies that the channels for energy dissipation associatgfdre because it can be conducted at a scale that is orders of

with this force should similarly exhibit this extremely reg-magnitude different from present simulations.

ular periodic behavior. While the geometrical features dis-

cussed above are tightly correlated with the friction force, it

is not clear what role these and other features play in the dseknowledgement

sipation of energy. Previous studies have correlated the for-

mation of gauche defects with friction force [27], but have This work was supported by the US Office of Naval Re-

not quantitatively connected this process to the energy of teearch (ONR) under contract NO0014-00-WR-20186 and in

system. A quantitative analysis of monolayer features apart by the Air Force Office of Scientific Research (AFOSR)

their relative roles in energy dissipation is currently undemder contract NMIPR-00-5203503.

investigation [39].
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